Background. Steering of locomotion is a complex task involving stabilizing and anticipatory orienting behavior essential for the maintenance of balance and for establishing a stable frame of reference for future motor and sensory events. How these mechanisms are affected by stroke remains unknown. Objectives. To compare locomotor steering behavior between stroke and healthy individuals and to determine whether steering abilities are influenced by walking speed, turning direction and walking capacity in stroke individuals. Methods. Gaze and body kinematics were recorded in 8 stroke and 7 healthy individuals while walking and turning in response to a visual cue. Horizontal orientation of gaze, head, thorax, pelvis, and feet with respect to spatial and heading coordinates were examined. Results. Temporal and spatial coordination of gaze and body movements revealed stabilizing and anticipatory orienting mechanisms in the healthy individuals. Changing walking speed affected the onset time but not the sequencing of segment reorientation. In the individuals with stroke, abnormally large and uncoordinated head and gaze motion were observed. The sequence of gaze, head, thorax and pelvis horizontal reorientation also was also disrupted. Alterations in orienting behaviors were more pronounced at the slowest walking speeds and turning to the nonparetic side in 3 of the most severely disabled individuals. Conclusion. The results in this convenience sample of slow and faster walkers suggest that stroke alters the stabilizing and orienting behavior during steering of locomotion. Such alterations are not caused by the inherently slow walking speed, but rather by a combination of biomechanical factors and defective sensorimotor integration, including altered vestibulo-ocular reflexes.
S teering is an essential component of goal-directed locomotion, allowing one to walk toward the desired direction while avoiding static or dynamic obstacles along the travel path. In healthy individuals, steering of locomotion is typically initiated by a horizontal reorientation (yaw) of gaze and head in the direction of the turn, followed by the trunk. [1] [2] [3] [4] [5] [6] The head and trunk are also tilted (in the roll direction) toward the inner side of the curve. [5] [6] [7] [8] Gaze and head yaw orienting behavior is of anticipatory nature, taking place before the intersection of a turn is reached. 1, 3 and preceding the changes in walking trajectory direction, also referred to as heading. 2, 4, 6, 7, 9, 10 Other than scanning the future travel path, 4 the anticipatory eye and head orienting behavior helps to establish a stable frame of reference for future motor and sensory events associated with the control of body reorientation. 3, 5, 11 If changing direction while walking is part of daily life activities, it nevertheless involves fine-tuned behavioral coordination characterized by orienting movements that are superimposed on compensatory eye and head movements associated with gaze stabilization. 6, 10 It also suggests a relatively high degree of sensorimotor integration, involving the multiple (vestibular, visual, proprioceptive) sources of sensory information associated with body reorientation together with the motor commands. It is therefore not surprising that changing direction while walking presents a challenge in individuals whose sensorimotor function is compromised. In the aging population, it has been shown that the ability to perform complex locomotor tasks such as walking and turning [12] [13] [14] or visually guided stepping 15 is diminished. In stroke, the walking pattern is characterized by slow speed 16, 17 as well as movement deviations and asymmetries. 18 The ability to adapt to environmental constraints such as obstacle crossing is also altered. [19] [20] [21] Changing direction appears particularly challenging, as evidenced by the increased risk of falls observed in community-dwelling individuals after stroke when turning while standing or walking. 22 Whereas voluntary head turn performed in standing or walking poses little biomechanical threat to balance, the presence of altered postural adjustments after stroke 23, 24 suggests that poor sensorimotor integration may be an important contributing factor.
In a recent case study, we examined the ability of 2 individuals after stroke to walk and turn in a "preplanned paradigm," that is, having the knowledge of the turn direction before gait initiation. 1 We found disruption in the reorientation sequence of gaze and body segments, suggesting an altered coordination of gaze and posture during walking and turning after stroke. We hypothesized that such a disruption was the result of a complex interaction between sensory, motor, and biomechanical factors. Results from our case study also suggest that the alterations in the coordination patterns are more pronounced in individuals with a poor walking capacity, as reflected by a slow gait speed and when turning to the nonparetic side. Although this pilot study has provided some insight into the steering abilities after stroke, it has also revealed several limitations. The results from this case study need to be genera lized to a more extended stroke population with different walking capacities. Moreover, many daily life situations require "online" processing involving last-minute changes of direction during locomotion. The segment reorientation sequencing may be similar between preplanned and cued turns in healthy individuals, 8 but the coordination may be different in the stroke population due to a general decrease in movement reaction time, speed, and coordination. More in-depth analysis of gaze and head stabilization and orientation strategies with respect to heading direction is also warranted to better understand steering deficits in stroke individuals. Stroke individuals are known to walk at abnormally slow walking speeds, 25 and as such the effects of slow walking speed itself on the steering strategies of healthy individuals need to be elucidated.
The goal of this study was to compare and contrast steering strategies between hemiparetic individuals with stroke and healthy controls during walking and turning on cue. The first objective was to describe the coordination of gaze and body segments in the spatial and temporal dimensions during walking and turning in hemiparetic subjects. The second objective was to determine whether the level of walking disability and the turning direction could influence the coordination strategies of hemiparetic subjects. The third and last objective was to determine the effects due to the slow walking speed of the hemiparetic subjects by assessing healthy subjects walking and turning at comfortable and slow speeds. We hypothesize that subjects with hemiparesis will present with altered stabilizing and orienting coordination patterns of gaze and body segments while walking and turning. Such alterations will be more pronounced in subjects with more severely altered walking capacities, as reflected by slow walking speeds, and when turning to the nonparetic side. We further hypothesize that the problems of locomotor steering after stroke are not entirely attributed to the slow walking speed, but rather due to defective sensorimotor processing.
Materials and Methods

Subjects
A convenience sample of 8 subjects with a hemiparesis (65 ± 7 years) due to a stroke and 7 healthy controls (62 ± 4 years) gave their written informed consent and participated in this study (Table 1) . Inclusion criteria were: a first-time stroke in the middle cerebral artery territory; a capacity to walk independently with or without a walking aid over 10 meters, at a preferred gait speed slower than 1 m/s; and the presence of motor deficit, as reflected by scores of 6 or less on the postural, leg, and foot components of the Chedoke-McMaster Stroke Impairment Inventory. 26 Exclusion criteria for all participants included the presence of visual problems not corrected by eyewear and of a rheumatologic, orthopedic, or neurological (other than the stroke) condition interfering with locomotion. Additional exclusion criteria for the hemiparetic subjects included the presence of a visual field loss and visuospatial neglect, the latter being assessed by the Bell's Test and/or Star Cancellation Test. 27, 28 The hemiparetic subjects presented with a wide range of preferred gait speed (0.13 m/s to 0.92 m/s). As walking speeds of 0.4 ± 0.2 m/s or less could restrict the capacity for community ambulation after stroke, 29 hemiparetic subjects were further classified as low (< 0.45 m/s; n = 3) or high (≥ 0.45 m/s; n = 5) functioning, based on their preferred walking speed ( Table 1 ). The study was approved by the Ethics Committee of the Montreal Centre for Interdisciplinary Research in Rehabilitation.
Setup and Procedure
A walking and turning "on cue" paradigm was used. It consisted of walking either straight or toward the left or right around a 90° intersection, with full vision of the walking alley and end position, in response to a visual cue displayed just before reaching the intersection. Subjects were evaluated while walking on a 9-meter-long alley delineated by a 0.9meter-wide carpet ( Figure 1A ), either at preferred speed (hemiparetic and healthy) or at a slow speed (healthy) matching that of a hemiparetic subject. The 3 severely disabled hemiparetic subjects (nos. 6, 7, and 8) had to be evaluated with a quad cane and an ankle-foot orthosis. The carpet was undercoated, offering a firm and nonslippery surface as well as good visual contrast with the floor. At 5 meters from the starting position, an intersection was formed by 2 other carpets placed at right angle to the right or left of the main alley. A lightemitting diode panel of illuminating arrow placed at the end of the walkway was used to indicate the direction of the turn while walking. The arrow signal was triggered as the subjects' toes crossed a photocell located 1 meter before the nearest intersection. The directions of the turns were randomly displayed as right or left, interspersed with control trials where the subjects continued walking straight ahead. Subjects were instructed to walk and turn in the direction indicated by the illuminating arrow and to keep walking until reaching the end of the walkway. After a few practice trials in all directions, subjects were instructed to initiate all subsequent walking trials with the same preferred lower limb. An ideal design would have been to collect trials initiated either by the right or left legs, both for right and left turns, such that by time the intersection is reached, the paretic leg is located either ipsilateral or contralateral to the turn direction. However, such design would not warrant consistent turning strategies, as already evidenced in healthy young individuals. 30 This alternative is also not feasible in individuals with stroke, due to the large variability in foot placement both within and between subjects, as well as the limitation in walking endurance. Depending on the subjects' tolerance, 3 to 5 trials in every direction (left, right, and straight) were collected, for a total of 12 to 15 walking trials. No trials were excluded due to falls or near-falls.
A Vicon-512 ΤΜ motion analysis system with 6 highresolution cameras was used to acquire body movements. A 15-segment model was obtained from 38 reflective markers placed on different body landmarks as defined by the Plugin-Gait ΤΜ full-body marker set from Vicon ( Figure 1A ). Eye-in-head movements were recorded binocularly by videooculography using the EyeLink-II system. Before the experiment, a calibration routine of the eye tracking system was performed requiring the subjects to perform saccades and fixations on a target of changing position (right, left, up, down, and diagonals) on a screen located 1.5 meters in front of the subjects' eyes. In 1 stroke subject (no. 6), a monocular calibration and data recording of the ipsilesional eye was used, due to repeated failures of the binocular calibration caused by asynchronous eye movements. Body kinematics and eye data were recorded at 120 Hz and 250 Hz, respectively.
Data Analysis
Spatial and trajectory coordinates' kinematics. The orientation of head, thorax, pelvis, and foot as well as the body's center of mass (CoM) trajectory were first calculated with respect to the room's spatial coordinates (X s , Y s , and Z s ). The spatial coordinates were determined using an L-shape calibration frame, with the X s -axis parallel to the anteroposterior (A-P) walking direction before the turn, the Y s -axis pointing to the left and the Z s -axis upward ( Figure 1B) .The orientation traces of left and right eyes were measured in a head-fixed frame of reference and averaged. After a matrix transformation to align the 2 different frames of reference, the 3-D gaze (eye-in-space) orientation was computed by summing the head-in-space orientation measured by the Vicon system with the conjugate eye-in-head orientation measured by the EyeLink-II system. The CoM calculation was based on the 15-segment model used in this experiment and the individual anthropometric data input into the Vicon Plug-in-Gait routine.
Body segment and gaze orientations were also examined with respect to the trajectory's frame of reference (X t , Y t , and Z t , Figure 1B ,C). The trajectory was defined as the path followed by the body's CoM trajectory in the Xs-Ys plane. The heading direction (X t ) was defined as the orientation of the tangential linear velocity of the CoM at each point of the trajectory. 6 Gaze and body segment orientations were thereafter expressed as a function of heading, as illustrated in Figure 1C . In this example illustrating a right turn, the head-in-space rotated in the same direction as the heading in the horizontal plane, both reaching 90° of rotation as the turn was completed. The head horizontal orientation would be oscillating around 0° once it is expressed with respect to this heading frame of reference. A negative segmental angular orientation with respect to heading indicates that the change in the segment orientation is leading the change in heading direction. Conversely, a positive angular orientation indicates that the change in segment orientation follows that of the heading direction change. Onsets of segment reorientation and gait speed. Time zero was defined as the time at which the body's CoM along the A-P axis (X s ) reaches the nearest intersection point made by the intersecting carpets. Onsets of body segment reorientation during the walking trials with turns were calculated as the time at which the change in horizontal orientation of a given segment exceeded its mean orientation recorded during straight walking trials, plus 2 standard deviations. Negative and positive onset values therefore indicate that a segment is reoriented before or after the intersection point, respectively. Gait speed, when walking straight ahead, was calculated as the mean instantaneous speed (first derivative) of the CoM displacement along the A-P direction, from 1 meter before to 1 meter after the intersection. During the walking trials with turns, CoM along the 2-D direction of progression was calculated, from 1 meter before reaching the intersection in the A-P direction until reaching 1 meter after the intersection in the mediolateral (M-L) direction.
Results
Altered Stabilization and Orienting Behaviors of Gaze and Body Movements
The slow gait speed of the healthy subjects was similar to the comfortable gait speed of the hemiparetic subjects across walking directions ( Figure 2) , as confirmed by a 3-way analysis of variance followed by post hoc comparisons (Tukey's test, P > .05). Figure 3 illustrates examples of gaze and body segment horizontal orientations with respect to spatial coordinates while walking straight or with a left or paretic turn. A healthy subject walking at a slow gait speed (0.79 m/s) as well as hemiparetic subjects walking at fast (0.74 m/s) and slow (0.23 m/s) speeds are shown. When walking straight ( Figure 3A) , the CoM trajectory of the healthy subject oscillated from side to side in the medio-lateral (M-L) direction from 1 step to the next. A
Figure 1 Experimental Setup
Note: (A) Schematic Drawing of the Experimental Setup. (B) Spatial (X s , Y s , and Z s ) and trajectory coordinates (X t , Y t , and Z t ) frames during a turn to the right. (C) Horizontal rotation of the head is plotted with respect (w/r) to spatial coordinates and w/r to heading (X t ) as a function of time during a turn to the right. Note that the head and heading are reoriented in the same direction and to a similar extent, such that when head orientation w/r to heading is plotted, it oscillates around zero. The negative and positive head orientations w/r to heading indicate that the changes in head orientation leads and lags, respectively, the changes in heading orientation. leftward displacement of the CoM along the M-L axis was accompanied by a small right horizontal rotation of the head and vice-versa. Meanwhile, this horizontal head rotation was compensated by an opposite and almost equal rotational eye movement, such that the resultant gaze orientation was stable with respect to space coordinates. A similar counter-rotation pattern can be observed between the thorax and pelvis, although the relatively slow control gait speed illustrated in this example does not allow for a perfect out-of-phase (180°) pattern. 23, 31 The hemiparetic subject walking at a faster speed, despite similar amplitude of M-L CoM displacement, displayed larger and more erratic horizontal rotations of the head. Such large head rotations were compensated in equal and opposite directions by rotational eye movements to provide gaze stabilization around 0°. The presence of oscillations in the gaze trace, however, indicates a decreased ability to stabilize gaze in space as compared to the healthy subjects. In the most severely disabled hemiparetic subject walking at a slower speed, although the head was rotating in directions opposite to the CoM displacements, such rotations were inconsistent in amplitude, despite having relatively similar M-L CoM displacement from one step to the next. Even more strikingly, little or no eye compensatory movements were observed, such that the net horizontal gaze orientation displayed abnormally large oscillations in the horizontal plane.
When executing a turn to the left, the healthy subject initiated a horizontal rotation of gaze and all body segments in the direction of the turn, before reaching the intersection marked as time zero ( Figure 3B) . Typically, the head segment and gaze were the first to be reoriented, followed by the thorax and pelvis. In most subjects and most trials, the foot ipsilateral to the direction of the turn was reoriented early in the direction of the turn, whereas the contralateral foot was the last. The mildly affected hemiparetic subject illustrated also initiated a reorientation of gaze and body segments before reaching the intersection. However, this reorientation was synchronous between the different body segments, except for the foot contralateral to the direction of turn that was oriented at a later time. In the low-functioning hemiparetic subject, the turn was initiated after passing the intersection, with all segments but the feet being reoriented synchronously.
Altered Sequencing of Gaze and Body Segment Reorientation
Examination of the onsets of gaze and axial body segment reorientation during walking and turning in the healthy subjects revealed that the turn was consistently initiated before the intersection was reached (mean gaze onset −608 ms). A typical rostrocaudal reorientation sequence initiated by the gaze and followed consecutively by the head, thorax and pelvis was also observed (Figure 4 ). When walking at slower speeds, onsets of segment reorientation were consistently delayed (mean gaze onset −445 ms) but the relative reorientation sequence between the segments remained unchanged. In the hemiparetic subjects, the sequence of segment reorientation was profoundly altered and was modulated depending on the walking capacity and the direction of the turn (Figure 4) . First, subjects with hemiparesis reoriented their axial body segments more synchronously and with a completely disrupted sequence, as compared to healthy controls walking at comfortable or slow speeds. Second, hemiparetic subjects displaying faster walking speeds initiated their turns before reaching the intersection (mean gaze onset −439 ms), whereas those walking at slower speeds initiated their turns after passing the intersection (mean gaze onset +587 ms). Third, a remarkable difference was observed, depending on the turn direction in the hemiparetic subjects walking at slower speeds, with a roughly rostrocaudal reorientation sequence being observed when turning to the paretic side as compared to a caudorostral sequence for nonparetic directional turns. Thus, head and gaze were first reoriented when turning to the paretic side, whereas the pelvis was first reoriented when turning to the nonparetic side. It should be noted that the feet, not illustrated in Figure 4 , displayed variable onsets of reorientation in both the healthy and hemiparetic groups.
Altered Coordination Strategies With Respect to Heading
Representative traces of gaze and body movement coordination with respect to heading are illustrated in Figure 5 . Examination of the healthy profile at comfortable speed (top left graph) shows that the reorientation of gaze, head, thorax and pelvis led the change in heading direction immediately before and after walking past the intersection. Once the turn was completed, axial segment orientations showed small oscillations around 0° as they were being stabilized along the new heading direction. In contrast, the fast-walking hemiparetic subject (top right graph) displayed changes in gaze and body segment reorientation that were synchronous across all segments, lagging
Figure 2 Mean Instantaneous Gait Speed (+1 SD) Computed for the Hemiparetic Subjects and Healthy Controls Walking at Comfortable and Slow Gait Speed Across the Different Walking Directions
Figure 3 Mediolateral Displacement (M-L) of the Body Center of Mass (CoM) and Horizontal Orientation of the Eyes and Body Segments while (A) Walking Straight or (B) Executing a Turn to the Left or Nonparetic Side
Note 
Discussion
This study provides evidence that gaze and postural stabilizing and orienting mechanisms during walking and turning are altered by stroke. In accordance with our hypotheses, the results indicate that the alterations in orienting behaviors depend on the walking capacity of the subjects and on the turn direction, being more pronounced in stroke individuals walking at slower speeds and when turning to the nonparetic side. Furthermore, results from the healthy controls indicate that slow gait speed has very limited impact on steering behavior, such that there was a delay in the reorientation of gaze and body segments with respect to the time of intersection crossing but the relative sequencing of segmental reorientation was not affected.
Impaired Head and Gaze Stabilization Behavior
Healthy individuals in this study displayed eye and body movements that were finely coordinated in the spatial and temporal domains to stabilize gaze with respect to space and heading direction. This is consistent with the small head and gaze movement amplitudes normally observed during locomotion. 6, [32] [33] [34] When walking straight, lower limb movements ensuing forward body progression induce a rotational motion of
Figure 4 Mean Time Onsets of Reorientation (±1 SD) of Gaze, Head, Thorax, and Pelvis for the Healthy and Hemiparetic Subjects
Note: Onsets in healthy subjects are represented for the comfortable and slow walking speed conditions. Hemiparetic subjects are subdivided as slow or fast walkers, based on the comfortable walking speed (see Materials and Methods). Negative and positive onset values indicate that segment reorientation was initiated before and after crossing the intersection, respectively.
Figure 5 Horizontal Orientation of Gaze and Body Segments with Respect to Heading as a Function of Time
Note: One healthy subject walking at comfortable (A, top left) and slow gait speed (B, bottom left) as well as 1 fast-walking (A, top right) and 1 slow-walking (B, bottom right) hemiparetic subject are illustrated. Individual trials are represented for each subject. Note that the head and gaze traces in the hemiparetic subjects overlap and cannot be distinguished given the large magnitude of the Y-axis scale. Negative and positive segment orientations with respect to (w/r to) heading, which are to the left/paretic and a right/nonparetic direction, indicate that the changes in segment orientation were, respectively, leading or lagging the heading orientation. the pelvis in the horizontal plane (yaw). 35 The thorax moves in counter-rotation with the pelvis to stabilize the upper body in the horizontal plane, [36] [37] [38] while very small but simultaneous head yaw motion can also be observed, as in the present study. Head yaw motions would compensate for the side-to-side displacement of the body CoM along the M-L direction in the frontal plane. 6 The present results show that the small degree of head yaw is compensated with apparently equal and opposite eye yaw, which can be attributed to a rotational vestibulo-ocular reflex (VOR). 10 As evidenced by the small movements of head and gaze with respect to heading direction when executing a 90° turn while walking in the healthy individuals, such stabilizing behavior remains present when changing the direction of progression. Altogether, these fine adjustments in thorax, head, and eye orientation can be referred to as "compensatory movements" that can be used to stabilize gaze with respect to space and the direction of progression. 6, 10 When walking straight, stroke individuals displayed abnormally large head and gaze yaw motions with respect to space, indicating defective stabilization mechanisms. Such phenomenon could be observed in all stroke individuals, but was more pronounced in the low-functioning ones walking at slower speeds. Our results suggest that such altered gaze stabilization is the result of a poor coordination of the postural and oculomotor systems during locomotion. Gait asymmetries after stroke 18 may further challenge the stabilization of head and gaze. The presence of increased movement variability of the lower limbs, trunk, and head, especially evident in the severely disabled stroke individuals (see Figure 3 ), is also likely to decrease the predictability of the gait pattern, therefore impeding a feed-forward control of movement and posture. It could also be argued that the slow gait speed of the stroke individuals is at cause. Even the high-functioning subjects walking at faster speeds (see Figure 3) , however, had a reduced ability to stabilize gaze. Furthermore, it has been reported that head stabilization does not deteriorate but rather improves when walking at slower speeds, 39 such that eye compensatory movements should be less, therefore facilitating stabilization of gaze in space. It could also be postulated that the larger base of support usually observed in stroke individuals when walking, 40 by increasing body M-L displacement, increases the need for compensatory head and eye yaw. Larger head yaw movements were indeed observed, but were apparent even when CoM M-L excursions closely resembled that of healthy controls (Figure 3 ). Although larger eye compensatory movements were needed to stabilize gaze, a reduction or absence of "compensatory" eye movements was observed instead in the stroke individuals. The use of walking aids could have further contributed to the altered sequencing of segment reorientation in the stroke individuals with a poor walking capacity. It has been shown, however, that the use of a cane/quad cane does not alter horizontal trunk 41 and pelvis 42 motion while walking straight. Different foveal fixation distances may also explain the differences observed between healthy and stroke individuals. Although such distance was not quantified in our experiment, it is not uncommon to observe clinically that stroke individuals fixate their gaze at a shorter distance ahead during walking, for instance, looking at their feet. In the vertical plane, eye movements undergo a phase reversal that is controlled more by an angular VOR at short viewing distance (0.25 m), rather than linear VOR that is used for long viewing distances (>2 m). 43 In the horizontal plane, which is the plane of interest in the present study, eye movements invariantly remain typical of an angular VOR at both short and far viewing distances. 44 At shorter viewing distances, vertical eye movements during locomotion also display faster velocities. 43 If the same holds true for horizontal eye movement velocity, then faster eye velocities are to be expected for stroke individuals displaying a shorter foveal fixation distance. In contrast, little or no eye movements were observed in the most severely disabled individuals in the present study, suggesting that the VOR is possibly suppressed by a stroke, as reported previously. [45] [46] [47] 
Impaired Head and Gaze Orienting Behavior
While walking and turning, the healthy individuals reoriented their body segment toward the new direction of progression, commencing with the gaze, followed by segmental reorientation of the head, thorax, and pelvis. Such sequencing is consistent with a multitude of previous findings. 1, [3] [4] [5] [6] 8 The presence of different patterns of foot reorientation was not surprising 30 but unfortunately rendered the identification of typical reorientation onsets impossible. Present findings do support the fact, however, that foot reorientation generally occurs quite early in the turn, 8 such that steering is not only characterized by a stereotyped rostrocaudal sequence but rather involves a timely but flexible coordination of the entire body that can be adapted for different strategies. The present results also confirm that orienting behavior during the steering of locomotion is of anticipatory nature, taking place either before the intersection is reached 3, 11 or anticipating the changes in the heading direction. 2, 6, 9 Such anticipatory behavior would help establish a stable frame of reference for future motor and sensory events associated with the control of body reorientation. 3, 5, 11 Changing walking speed delays the initiation of segment reorientation but reveals some robustness in the orienting behavior with a relative reorientation sequence between the different segments that remains unaltered. In fact, it appears that one would initiate a head reorientation at a fixed distance from an intersection point, regardless of the traveling speed, suggesting that spatial rather than temporal cues dictate anticipatory orienting behavior. 11, 48 In the stroke individuals, both the spatial and temporal dimensions of orienting behaviors proved to be disrupted. The delayed and more synchronous segment reorientation observed in several of the stroke individuals further suggests that anticipatory orienting behavior in particular is profoundly altered by stroke. Such finding provides evidence of altered anticipatory locomotor adjustments in stroke that can be observed in a variety of tasks. [49] [50] [51] Overall, the poor steering performance of stroke individuals observed in the present study and in other locomotor-related tasks such as obstacles crossing 19, 20 indicates a reduced ability to adapt locomotion to environmental constraints.
The present results also reveal that orienting behavior after stroke is affected by the direction of the turn, especially in the individuals with a poor walking capacity. In these individuals, it is remarkable that segment reorientation is relatively preserved, although more synchronous, when turning to the paretic side, but totally disrupted by initiating the turn at the pelvis when turning to the nonparetic side. We postulate that such directionally dependent steering behavior can be explained by biomechanical constraints. 1 Subjects with severe hemiparesis tend to walk with a rotational bias of their pelvis toward the paretic side. 23, 41 Hence, it is more difficult to turn to the nonparetic side, as the initial rotational bias must be overcome to initiate and complete the turn. Our results also show that low-functioning stroke subjects who walk at slower speeds can display a marked delay in body segment reorientation, initiating the turn after crossing the intersection. Moreover, the analysis of gaze and segment orienting strategies with respect to heading reveals a steering strategy that does not differ from that observed during straight walking. In the high-functioning stroke individuals, segment reorientation sequencing may also appear to slightly deviate from the healthy controls' behavior, but no delay or direction-dependent shift in segment reorientation strategy was observed. Any changes would have been largely exceeded by the within-subject variation. Altogether, these results suggest that orienting behavior depends on functional locomotor capacity, being more altered in individuals walking at slower speeds.
Altered Visuomotor Control: Causes and Consequences
Sensorimotor deficits affecting the contralesional body parts may undoubtedly contribute to the alterations in stabilizing and orienting mechanisms in stroke. Biomechanical constraints due to walking asymmetries, as well as an enhanced movement variability, may also play a role. The present findings, however, support the presence of disrupted mechanisms specific to gaze stabilization, such as an altered VOR, which can be suppressed by a cortical stroke. [45] [46] [47] In fact, there would be an increase in the weighting of vestibular inputs just before turning while walking, 52 suggesting that vestibular inputs may be crucial in the preparatory phase of the turn. Neck proprioception may also affect the visuospatial perception of body orientation 53 and influence the steering of locomotion. 54 Neck vibration distorting proprioception has been shown to stimulate the somatosensory areas of the perisylvian cortex, 55 which is often affected by a stroke. Locomotor steering can involve multiple sources of sensory information (vestibular, visual, proprioceptive) that need to be integrated with the motor command. A defective sensorimotor integration in stroke individuals 23 may thus explain their difficulty in performing such a complex task. It has been suggested that anticipatory gaze reorientation is crucial in locomotor steering to scan the future travel path 4 and to establish a frame of reference for future motor and sensory events. 3, 5, 11 Thus, the altered anticipatory orientating behavior of stroke individuals most likely reduces the ability to scan and prepare for potential future obstacles on their travel path and impedes the construction of a stable frame of reference, both of which can compromise balance and safety.
Conclusions and Limitations
The small sample size and descriptive nature of this study do not warrant statistical comparisons of performance outcomes between stroke and healthy individuals. Nonetheless, we provide strong evidence that a unilateral cortical lesion due to stroke can compromise the stabilizing and orienting behavior associated with locomotor steering. The deficits are directionally dependent and more exacerbated in the more severely disabled individuals making a turn toward the nonparetic side. The poor stabilizing and orienting behavior after stroke may compromise the ability to use visual information and impact negatively on the construction of a stable frame of reference while changing the direction of progression. Results from this study also emphasize the need to assess and train adaptive locomotor behaviors and visuomotor control in stroke rehabilitation.
